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Abstract
Scuba diving carries risks that can endanger lives. Many of these risks are preventable. However,
an underwater communication system can increase a diver’s safety. Along with providing safety,
an underwater communication device can enhance the scuba diver’s enjoyment.
A low cost underwater optical wireless audio transceiver is designed. The project consists of the
off-the-shelf parts that uses a microphone and speaker to transmit and receive sound. The project
uses the concepts of visible light communications and pulse width modulation to transmit and
receive sound. Although sound is commonly transmitted through ultrasound methods, visible
light communications has several advantages. Visible light communications have higher
bandwidth capability, suffer no electromagnetic interference, and travel at the speed of light. It
also has its limitations including short ranges and line of sight. Fortunately, there is a small
window in the blue-green region that is not heavily absorbed by water.
The final prototype of the project is non-functional. However, there are possible fixes that could
improve the project’s performance such as higher powered LEDs and collimating lens to focus
the light to the receiver.
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Ch. 1 Introduction
Scuba Diving
SCUBA is an abbreviation for self-contained underwater breathing apparatus. [1] Scuba diving is
swimming underwater using a breathing apparatus. Scuba diving allows people to explore the
underwater world.

Figure 1.1: Photograph of a Scuba Diver [2]

Scuba diving is an equipment-dependent activity that ensures the diver has an enjoyable
experience. Figure 1.2 shows various diving equipment. Although the equipment does provide
safety, scuba diving carries life-threatening risks. Therefore, divers are required to receive
certification. According to Diver’s Alert Network Fatalities report, 1 in 6000 divers are at risk.
Some common causes are gas-supply problems, emergency ascent, entrapment, and buoyancy
trouble. [4]

Figure 1.2: Scuba Diving Equipment [3]
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Diving communications
Communication plays an important role in society. It has made the world safer, efficient, and
more enjoyable. However, in the underwater world, communication has not achieved the same
effect.
Several methods and technologies for communicating between divers exist: sign language, hard
wire communications, and laryngophone. [5] Hand signals are considered the most convenient
and reliable communication method. [6] These hand signals, as shown in Figure 1.3, are meant to
be short and simple to ensure efficiency and safety. They also allow people from different
countries to communicate.

Figure 1.3: Diving Hand Signals [7]

Hard wire communication is the use of a cable between divers or a diver and the surface. Hard
wire communication is the most popular means to communicate underwater. It has the best audio
quality since it is not affected by noise. However, the system suffers from limited range and
difficult movement. Half and full duplex communication are possible. [5]
A laryngophone is a type of microphone that capture sound from the throat. It eliminates
background noise and is often used for military operation. [5] It can detect whispers and does not
require a full face mask. A full face mask covers the entire face and allows one to breathe
through their nose and uncovers the mouth since it is not needed to hold on to the regulator. [8]
A laryngophone can be used in a wired or wireless system.
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Figure 1.4: Diving Full Face Mask [9]

Free space optics
Free space optics is the use of light to transmit information through free space. Free space optics
is a means to communicate wirelessly without fiber optics and an alternative to the use of RF
communications. Figure 1.5 shows the electromagnetic spectrum. The optical portion consists of
ultraviolet light, visible light, and infrared light.

Figure 1.5: Electromagnetic Spectrum [10]

Figure 1.5 is a block diagram of a free space optical communication network. The source
contains the information to be communicated. The information is modulated and transmitted
through an LED or laser diode by intensity modulation. Optics are used to increase the range and
performance of the system. The receiver senses the light signal using the photodetector and
amplifies the signal. The demodulator removes the information signal from the carrier.
9

Figure 1.6: Free Space Optical Communication Block Diagram [11]

There are several advantages and disadvantages to free space optical communications. The main
advantages are high bandwidth and low cost. To illustrate the high bandwidth capability of
optical systems, consider a source with a peak wavelength at 750 nm which would appear as the
color red. The frequency can be found using the speed of light as in 1.1, where 𝑓 is the
frequency, 𝑐 is the speed of light, and 𝜆 is the peak wavelength.
𝑐

𝑓=𝜆=

3×108 𝑚/𝑠
750 𝑛𝑚

= 400 𝑇𝐻𝑧

(1.1)

A fraction of this frequency provides a large bandwidth. In fact, electrical components limit the
system’s bandwidth. RF communications uses frequencies in the MHz and GHz range. Optical
communications can carry more information than RF communications due to its larger
bandwidth capability.
There are two types of optical communications: free space and fiber. Free space communication
is an unguided means of transferring information. Optical fibers use refraction to guide a light
wave. Free space communications costs less than installing optical fibers. Optical fiber
installation requires digging and modifying infrastructure to place the fibers in a secure and nonintruding location. [12]
The main disadvantage of free space optical communications is its limited range due to the
atmosphere’s effect on light. Optical wavelengths are comparable to particles in the atmosphere.
These particles cause the light wave to travel in random directions. Atmosphere turbulence limits
the range of current free space optical links. The weather can cause the transmitted signal to fade
and not reach the receiver. Free space optical communications require clear skies for maximum
performance since fog and clouds obstruct the line of sight between the transmitter and receiver.
[13]
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Underwater Communications
Electromagnetic waves are heavily absorbed in water. RF waves are heavily attenuated in water
[14]. To combat this attenuation, high power and larger antennas are needed for RF
communications. Figure 1.7 shows the absorption coefficient across the electromagnetic
spectrum.
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Figure 1.7: Absorption Coefficient Across the Electromagnetic Spectrum [15]

In the optical region, absorption and scattering cause the wave to heavily fade. However,
between 400 nm and 550 nm, the attenuation is low. Figure 1.8 displays the absorption
coefficient in the visible region. This wavelength range corresponds to blue and green visible
light.
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Figure 1.8: Absorption Coefficient in Visible Region [15]
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Since electromagnetic waves do not travel well in water, current underwater communications use
sound waves. However, acoustic communications have limited bandwidth and sound waves
travel slower than electromagnetic waves. [16] Free space optics increase the bandwidth
capability of underwater communications. Acoustic communications perform better for long
range communications. However, for short range communications there is potential to use the
advantages of optical communications.
Currently, underwater FSO communications is used for exploration, monitoring, and tactical
surveillance. [17] As mentioned previously, absorption and scattering provide challenges for
current underwater FSO communications as shown in Figure 1.9. Absorption is the change of
electromagnetic energy into another form like heat. Scattering is the effect when the
electromagnetic radiation changes its direction. [18] The particles in the water cause the signal to
change directions and lose energy, which limits the range of the system.

Figure 1.9: Absorption and Scattering [19]

Underwater FSO communications can provide an alternative to acoustic communications. The
major challenges are absorption and scattering. However, the benefits include higher bandwidth,
faster communication, and better performance.
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Ch. 2 Market Research
Product Description
The optical wireless audio transceiver is a visible light communications system that transmits
audio from a microphone and receives audio through a speaker. The system can transmit and
receive simultaneously. The optical wireless audio transceiver provides a secure, short-range
audio communication link. It is free from RF interference and less costly than a typical wireless
audio transceiver.

Market Research
Currently, underwater wireless audio systems exist. Wireless audio systems commonly use
acoustic techniques. It does not require line of sight and can transmit and receive in long
distances. However, as mentioned in the introduction, acoustic communications suffer in
bandwidth capability and performance issues in underwater communications. The optical
wireless audio transceiver would provide a secure and high performance link.
Customer Description
There are varying reports on the number of scuba divers. However, according to the Diving
Equipment and Marketing Association (DEMA), there are approximately 2.7 to 3.5 million
recreational divers in the US and up to 6 million divers worldwide, as of 2014. Table 2.1 shows
some statistics on entry-level divers. [20]
Table 2.1: Statistics on Entry-level Divers
Median Age
Gender
Annual Income
Marital Status
Education

30 years
65% Male, 35% Female
Between $100,000 and $150,000
75.9% of divers are married
59.2% have a college or graduate degree

According to a 2004 study of the diving industry by the Cline Group, the most important
attributes of diving equipment is product quality and dependability. The cost spent on equipment
is an average of $2,685. [21] However, many divers prefer to rent most gear items and spend
money on personal items like masks. [22]
There are many gains that a diver can experience with an optical wireless communication
system. A communication system allows divers to talk with their friends and family. While many
enjoy the silence under the ocean, communication with others can enhance the experience. An
optical communication system can also provide lighting for dark areas. Optics allow for higher
bandwidths, which means better audio quality. Underwater ultrasound communications use
carrier frequencies between 25 and 33 kHz, which lowers the bandwidth capability. [23]
Safety is an important pain-reliever of a communication system. The diver can alert another
diver when they are in discomfort or danger. A wireless system allows the diver to move freely
13

with more comfort than a hard-wired system. An optical communication system can provide a
low-cost alternative to current devices. Table 2.2 summarizes the potential gains created and
pains solved by the product.
Table 2.2: Gains Created and Pains Solved
Gains Created
Talk with friends and family
Enhance visibility
Increase bandwidth capability

Pains Solved
Increase safety
No cables
Lower cost

The product aims to increase safety, enhance the diver’s enjoyment, and provide a low cost
communication system. An underwater free space optical audio communication system allows
divers to feel secure with increased audio quality. The main consumers are active divers that
enjoy diving with friends and family.
Market Description
There are several companies that sell wireless and wired diving communication systems. Table
2.3 shows the major companies that sell transceivers for underwater communications. The major
market leaders are Ocean Technology Systems and Ocean Reef Group. Ocean Technology
systems provides communications systems along with full face masks for the entertainment,
military, and recreational industries. The Ocean Reef Group provides full face masks, fins, and
modern wireless communication systems.
Table 2.3: Underwater Communications Companies
Company
Ocean Technology Systems [24]

Description
Provide a variety of underwater wireless and
wired audio systems for commercial, military,
entertainment, and scientific purposes

Ocean Reef Group [25]

Offers high performance communications
systems for divers along with accessories

Ocean Reef Group’s GSM DC underwater transceiver is shown in Figure 2.1. The transceiver
uses ultrasound to communicate and a microprocessor that digitizes a voice message and filters
out noise. The product uses the push-to-talk method for transmission. The device is powered by
9 V alkaline battery and has a range of 500 meters. [26]
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Figure 2.1: Ocean Reef Group’s GSM DC Underwater Transceiver [26]

Ocean Technology offers a Buddy Phone Through-Water Transceiver that also uses push-to-talk
and modern digital signal processing. The transmission output power is 0.5 W and the audio
bandwidth is between 300 Hz and 3000 Hz. The transceiver uses ultrasound and the range is
between 50 and 500 meters. The device is powered by a 9 V alkaline battery. The cost of the
transceiver is between $800 and $900. [27]

Figure 2.2: Ocean Technology’s Buddy Phone Through-Water Transceiver [27]

The key strengths of the proposed product will be its low cost and simplicity. Digital signal
processors add significant complexity and cost to a system. The proposed product can transmit
15

audio through analog means, which reduces circuit complexity and requires less components.
The key consumers are recreational, active divers. The low cost would be an attractive option for
these consumers over other available products. Recreational scuba divers are more prone to
danger than professional scuba divers and more likely to desire communication with other scuba
divers.
Key partners are shown in Table 2.4. Mouser and Jameco provide electronic parts that will be
used to make the system. PADI educates scuba divers and provides equipment at more than 6300
PADI Dive Centers and Resorts. [28] Scuba Diving Magazine provides information on scuba
diving gear and dive travel. [29] Both PADI and Scuba Diving Magazine would be a key
resource in marketing the product. Divers direct is one of the largest scuba diving equipment
retailers in the world. [30]
Table 2.4: Key Partners
Key Partners
Mouser
Jameco
Professional Association of Diving Instructors
(PADI)
Scuba Diving Magazine
Divers Direct

Description
Electronic parts distributor
Distributes a variety of electronic parts
Educates scuba divers and provides
equipment
Provides information on scuba diving gear
Scuba Diving Equipment Retailer

The high cost of current products is undesirable for recreational scuba divers. The cost is greater
than a third of the total money spent on equipment. The market size is around 3 million divers
that would enjoy communicating underwater. The product is a non-essential item, which means
cost is the most significant influence in purchasing an underwater communication device. If the
cost is low enough to attract recreational divers, there is a large window of opportunity.

16

Ch. 3 Requirements and Specifications
Marketing Requirements
The main desired attributes for diving equipment are product quality and dependability. The life
of a scuba diver is dependent on the equipment. The equipment should be reliable and userfriendly to ensure the diver’s safety and enjoyment. For a communication device, clear audio
quality and operating range are important. Certified divers can dive as deep as 130 feet, which
corresponds to 40 meters. [28] The device should operate with clear audio quality for at least 40
meters. Current products range from 50 meters to 500 meters. The user should be allowed to
control the volume of the audio. Two-way communication is favored over one-way
communication. In contrast to a push to talk system, a full duplex device allows hands-free
communications. Table 3.1 show the marketing requirements
Table 3.1: Marketing Requirements
Marketing Requirements
Reliable
User-friendly
Intelligible audio quality
Volume Control
At least 40 meters
Hands free communication
Low Cost

Engineering Requirements
Table 3.2 shows the engineering requirements. The bandwidth required for voice
communications is 300 to 3000 Hz. The transmitter and receiver should operate with intelligible
audio at a distance of 40 meters. The device should be powered by 9 V batteries for ease of
battery replacement. The audio should have gain control to change the volume. The device
should use full duplex communication.
Table 3.2: Engineering Requirements
Engineering Requirements
Bandwidth of 300 to 3000 Hz
Operate Underwater
Intelligible Audio at 40 meters
Powered by 9 V Batteries
Audio Gain Control
Full Duplex
No Cables

Justification
Voice Communications Bandwidth
Core benefit of device
40 meters is max allowed depth for
certified divers
Ease of replacement
Volume Control
Transmit and Receive Simultaneously
Hands-free communications
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Ch. 4 System Design
High Level Block Diagram
The system block diagram is shown in Figure 4.1. The microphone converts sound information
into an electrical signal. Since the magnitude of this signal is low, the signal needs to be
amplified. A carrier signal is modulated by the information signal. The resulting modulated
signal drives the LED. The photodetector responds to the LED transmitted power, which
converts the optic power into an electrical current. Signal processing circuits are used to
reproduce the modulated signal and remove noise. The resulting signal is demodulated to remove
the carrier. The audio amplifier amplifies the signal to obtain the original electrical signal. The
speaker converts the electrical signal into sound.

Figure 4.1: System Block Diagram

Microphone and Microphone Amplifier
The microphone and amplifier are shown in Figure 4.2. The supply voltage is 5 V. C1 eliminates
DC offset. The amplifier has a gain of 100 given by 4.1.
𝑅5

𝐺𝑎𝑖𝑛 = 𝑅4

(4.1)
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R2 and R3 form a voltage divider to provide an offset of 2.5 V. An offset is needed since a single
supply op amp is used. C2 is a bypass capacitor to block AC signals. C3 and R5 form a low pass
filter with a cutoff frequency of 13.26 kHz given by 4.2.
1

𝐶𝑢𝑡𝑜𝑓𝑓 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 2𝜋∗𝐶3∗𝑅5

(4.2)

Figure 4.2: Microphone and Microphone Amplifier Circuit [31]

Modulator
The audio information is transmitted through intensity modulation of the LED. Intensity
modulation is the variation of the LED optical power. Before intensity modulation, the audio
signal is imposed onto a carrier. A variety of modulation methods exist. The simplest way to
control an LED is to turn it on and off. For this reason, most optical communications use digital
modulation. Since this project is an analog system, pulse width modulation is used. Pulse width
modulation consists of the information signal causing variation in the time duration of the pulse
carrier. The modulated pulse signal can turn on and off the LED at the rate of the carrier’s
frequency.
The PWM circuit is shown in Figure 4.3. The 555 timer produces a sawtooth waveform with a
frequency of 40 kHz. The peak to peak voltage is about 6 V. The frequency is given by 4.3. The
base-emitter voltage is assumed to be 0.6 V. [32]
𝑓=

𝑅1 𝑉𝐶𝐶 −𝑉𝐵𝐸 (𝑅1 +𝑅2 )
2
𝑉 𝑅 (𝑅 +𝑅2 )𝐶1
3 𝐶𝐶 3 1

(4.3)
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Figure 4.3: Pulse Width Modulation Circuit

The sawtooth waveform is applied to the non-inverting terminal of the comparator. The audio
signal acts as the reference voltage and is applied to the negative terminal. To achieve 50% duty
cycle, the waveform is offset at the average voltage of the sawtooth waveform. For a 50% duty
cycle, the offset of the audio signal is placed at 3 V. The comparator compares the output of the
555 timer and audio signal. The 555 timer output and a 0.1 V, 1 kHz sine wave with an offset of
3 V are shown in Figure 4.4. The PWM output is shown in Figure 4.5. The comparator output is
equal to the supply voltage when the sawtooth output is a higher voltage than the audio signal.

Figure 4.4: 555 Timer Output (Sawtooth Wave) and Reference Voltage (Sine Wave)
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Figure 4.5: PWM Output

LED Driver and LED
The LED Driver consists of the PWM output switching the transistor on and off as shown in
Figure 4.6. The LED is represented as a constant voltage. The forward voltage is 3.3 V and the
recommended bias current is 65 mA to 75 mA. [33] Figure 4.7 shows the collector current
turning the LED on and off.

Figure 4.6: LED Driver Circuit
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Figure 4.7: Current Through LED

Receiver
Photodetector
The First Sensor PS1.0-6b PIN photodiode detects light in the visible and infrared range with
enhanced responsivity in the blue-green range as shown in Figure 4.8. [34]

Figure 4.8: Responsivity of First Sensor PS1.0-6b PIN Photodiode
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Table 4.1 shows important parameters of the photodiode. The modulation bandwidth is related to
the rise time by 4.4.
𝐵𝑊 =

0.35
𝜏𝑟

(4.4)

The dark current is the amount of current flowing without any optic power detected. The N.E.P
is the noise-equivalent power and gives information on the receiver’s sensitivity. N.E.P is the
optic power resulting in a SNR of unity normalized by the bandwidth of the receiver. [34]
Table 4.1: First Sensor PS1.0-6b PIN Photodiode Description
Responsivity
Rise Time
Dark Current
Peak Current
Modulation Bandwidth
N.E.P

0.22 A/W
10 ns
0.05 nA
10 mA
35 MHz
1.8 E-14 W/Hz1/2

There are two major sources of noise in a photodetector circuit: shot noise and thermal noise.
The load resistance causes thermal noise. Since electrons constantly move, the current through
the load is nonzero. Shot noise is due to the discrete nature of electrons. Each electron causes a
pulse, which means the detected current is not constant. Usually, in a power-limited system, the
shot noise can be ignored.
The photodiode is modeled by a current source in Figure 4.9. The transimpedance amplifier
converts the detected current to a voltage quantity. An amplifier further amplifies the voltage
quantity.

Figure 4.9: Photodetector
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Signal Processing
A second-order high pass filter with gain is used to obtain the 40 kHz PWM signal as shown in
Figure 4.10. The frequency response is shown in Figure 4.11. The frequency response looks like
a bandpass filter due to the unity gain bandwidth of the op amp. The maximum gain is 36.43 dB
at 40 kHz. The cutoff frequencies are at 21 kHz and 71 kHz. The high pass filter is followed by a
limiting amplifier.

Figure 4.10: High Pass Filter

Figure 4.11: High Pass Filter Frequency Response

Figure 4.12 shows the limiting amplifier. A threshold is set by the resistive divider. The output is
limited to the forward drop of the diodes.
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Figure 4.12: Limiter Circuit

Demodulator
A third-order low pass filter demodulates the PWM signal to obtain the original signal as shown
in Figure 4.13. The frequency response of the demodulator is shown in Figure 4.14. The
maximum gain is -12.76 dB. The cutoff frequency is 3.75 kHz.

Figure 4.13: PWM Demodulator
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Figure 4.14: PWM Demodulator Frequency Response

Audio Amplifier and Speaker
The audio amplifier circuit is shown in Figure 4.15. The estimated maximum gain is 20. A 33 uF
capacitor is placed at the input to block any DC offset. An 8Ω speaker is used at the output.

Figure 4.15: LM386 Audio Amplifier [35]
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Ch. 5 Construction and Testing Results
Several components of the system are characterized before building the system.

PWM
The output of the 555 timer is shown in Figure 5.1. The sawtooth waveform is 6.38 Vpp and the
frequency is 40.3 kHz. The output of the comparator is shown in Figure 5.2 with no input. The
duty cycle is higher than expected at 55.9%. The output voltage is 7.25 Vpp instead of 9 V.

Figure 5.1: 555 Timer Output

Figure 5.2: 555 Timer Output

27

The output of the 555 timer at two different instants is shown with a 1 Vpp, 1 kHz sine wave with
no offset at the reference of the comparator. The duty cycle continually changes due to the
change in reference voltage.

Figure 5.3: 555 Timer Output with 1 Vpp, 1 kHz Sine Wave with No Offset At the Reference

Photodetector and Signal Processing
The output of the system at the limiter’s output is shown in Figure 5.4. No input voltage is
applied to the transmitter. The output shows a detected signal at 40.32 kHz and an amplitude of
176 mVpp. The LED had to be placed at an angle for the receiver to detect the signal.

Figure 5.4: Output of the Limiter Circuit
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Demodulator
The output of the tested PWM circuit is applied to the demodulator. The input is a 1 Vpp, 1 kHz
sine wave with 3 V offset. The output is a noisy, attenuated signal with the same frequency and
an amplitude of 177.50 mV. The output of the demodulator is shown in Figure 5.5.

Figure 5.5: Output of the Demodulator

Audio Amplifier
The measured maximum gain of the amplifier is 21.47 between 20 Hz and 20 kHz. The input and
output waveforms are shown in Figure 5.4.

Figure 5.6: Audio Amplifier Input (Yellow) and Output(Green)
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System Construction
The microphone and speaker used are shown in Figure 5.7 and 5.8. The microphone has a builtin amplifier with a gain of 100. The speaker is 8 Ω with a power rating of 0.5 W.

Figure 5.7: Microphone and Microphone Amplifier [36]

Figure 5.8: Speaker [37]

The LED and photodiode are shown in Figures 5.9 and 5.10. The 10 mm Super Bright LED can
emit 8000 to 10000 MCD with a viewing angle of 30 degrees.

Figure 5.9: 10 mm Super Bright LED [38]
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Figure 5.10: First Sensor PS1.0-6b TO Photodiode [34]

The transmitter, audio amplifier, and photodetector were constructed on a solderable breadboard
as shown in Figure 5.11. The demodulator and limiter circuit were implemented on a breadboard.

Figure 5.11: Solderable Breadboard [39]
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The transmitter, audio amplifier, and photodetector are shown in Figures 5.12, 5.13, and 5.14.

LED

Mic Input

Figure 5.12: Transmitter

Volume
Control

Input

Output

Figure 5.13: Audio Amplifier
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Photodiode

Figure 5.14: Photodetector

The transmitter and receiver are shown in Figure 5.15

Figure 5.15: Transmitter and Receiver

Since the microphone required a 5 V supply, the LM7805 voltage regulator converted the 9 V
supply to a 5 V output. Figure 5.16 shows the voltage regulator set-up. The capacitor stabilized
the output voltage.

Figure 5.16: Voltage Regulator
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Results
Table 5.1 compares the specifications with the results. Unfortunately, the project does not meet
all the required specifications. Successful results are in bold and italicized. The next chapter
describes potential fixes.
Table 5.1: Comparison Between Results and Specifications
Engineering Requirements
Bandwidth of 300 to 3000 Hz
Operate Underwater
Intelligible Audio at 40 meters
Powered by 9 V Batteries
Audio Gain Control
Full Duplex
No Cables

Results
The demodulator limits the bandwidth
from 0 Hz to 3.75 kHz
Needs waterproof casing
Device does not transmit intelligible audio
The device uses 9 V batteries
A potentiometer at the audio amplifier’s
input controls the gain
Works in one way only. Can be modified
for full duplex operation.
Wireless Communication
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Ch. 6 Conclusion
Unfortunately, the project did not meet specifications. There are many possible fixes and
improvements that could make the project functional.

Possible Fixes
A higher power LED would increase the photodetector current and signal-to-noise ratio.
However, a high-powered LED would cause the system design to change. A high-powered LED
driver is required, which would increase costs. The system range could be improved with
collimating lens. Collimating lens increase the directionality of the LED and eases the ability to
focus the light onto the photodetector. The microphone picks up higher frequencies that could be
eliminated and is omnidirectional, which decreases signal-to-noise ratio.

Improvements
There are several possible improvements to the project. A major feature would be a circuit that
automatically controls the gain. At a close distance, the receiver should have a lower gain than it
would have at a farther distance. Due to time constraints, the project could not be tested
underwater. If the device was functional, it could have been tested with a full face diving mask.
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Appendix B: Senior Project Analysis
Project Title: Underwater Optical Wireless Audio Transceiver
Student’s Name: Angel Ayala
Advisor’s Name: Dr. Dennis Derickson
• Summary of Functional Requirements
The project transmits audio from a microphone through an LED. A photodiode is used to receive
the signal and outputs the audio signal through a speaker. The system runs on a 9 V battery and
is capable of being a full duplex system.
• Primary Constraints
The main challenge is designing a low cost analog design with a 9 V supply. The main
approaches considered for subcarrier modulation were baseband transmission, frequency
modulation, and pulse width modulation. Baseband transmission produced a noisy and distorted
signal that lowered audio quality. Frequency demodulation proved difficult to obtain the original
signal without increasing the complexity of the circuit significantly. Pulse width modulation and
demodulation is a simple means to transmit information. The pulse width modulation circuit
consists of common parts such as the 555 timer and a comparator. The demodulator is a simple
low pass filter.
The optical components were limited by the project requirements. There are few photodiodes
that exist with enhanced responsivity in the blue-green region. Due to few available photodiodes,
the cost was high. The photodiode cost over half of the project. The consumer’s desire for
product dependability made the laser diode unsuitable. Laser diodes are more prone to damage
than LEDs. For free space communication, a high-powered LED is required. A high-powered
blue LED also affects the electronic components since higher current capabilities are needed.
There are other challenges such as ambient lighting and noisy signals that increased the project’s
difficulty. The microphone’s output is a noisy signal that limited the audio’s quality. The LED
chosen did not emit enough radiation needed for the system. Ambient lighting compounded the
difficulty in recovering the signal.
• Economic
Human Capital
The product has the potential to increase and decrease jobs. It can attract more people to be
divers, which creates an increased demand for diving instructors. However, the demand for hardwired and ultrasound communications would decrease.
Financial Capital
If there is an increase in divers, equipment distributors make a larger profit due to increased
customers.
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Natural Capital
Electronic components use natural resources such as silicon and copper.
Costs
Costs occur in manufacturing and distributing the device. Benefits occur when consumers
purchase the product through a retailer. The original estimated project cost is based on each
block as shown in Table B.1.
Table B.1: Estimated Project Cost
Part/Component
Microphone and Microphone Amplifier
Modulator
LED and LED Driver
Photodiode
Audio Amplifier and Speaker
Resistors and Capacitors
Total

Estimated Cost
$5.00
$6.00
$3.00
$2.00
$3.00
$2.00
$21.00

Table B.2 shows the actual cost of the project. Further costs would need to be accounted for
testing and mounting the components on a PCB. The main equipment used was a function
generator, oscilloscope, digital multimeter, and power supply.
Table B.2: Actual Project Cost
Parts
1 10 mm Super Bright Blue LED
1 Sparkfun Electret Microphone Breakout
(contains amplifier)
1 8 ohm Speaker (.5 W)
1 Frist Sensor PS1.0-6b TO Blue-green
Enhanced PIN Photodiode
5 LM358 Dual Op Amp
1 LM301AN Op Amp
2 9 V Batteries
1 LM7805 Voltage Regulator
1 LM386 Audio Amplifier
2 Battery Clips
25 Resistors
10 Ceramic Capacitors
2 Electrolytic Capacitors
555 Timer
1 Trimpot Potentiometer with Knob
1 2N3904 NPN Transistor
1 2N3906 PNP Transistor

Cost
$1.50
$7.95
$1.95
$32.33
$1.65
$0.81
$5.50
$1.80
$0.73
$1.36
$0.25
$0.60
$0.18
$2.50
$0.95
$0.25
$0.25
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2 14148TA Diodes

$0.25
Total: $60.81

Assuming the average electrical engineer is paid between $25/hr to $35/hr and an estimated time
of 200 man hours to make the product, the labor costs range from $5000 to $7000. Using B.1 and
a most likely cost of $6000, the estimated labor cost is equal to the most likely cost. [40]
𝑂𝑝𝑡𝑖𝑚𝑖𝑠𝑡𝑖𝑐 𝐶𝑜𝑠𝑡+4(𝑀𝑜𝑠𝑡 𝐿𝑖𝑘𝑒𝑙𝑦 𝐶𝑜𝑠𝑡)+𝑃𝑒𝑠𝑠𝑖𝑚𝑖𝑠𝑡𝑖𝑐 𝐶𝑜𝑠𝑡
6

(B.1)

The original and actual project schedules are shown below.

Figure B.1: Original Winter 2016 Gantt Chart

Figure B.2: Actual Winter 2016 Gantt Chart

Figure B.3: Original Spring 2016 Gantt Chart
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Figure B.4: Actual Spring 2016 Gantt Chart

• If manufactured on a commercial basis:
There are about 3 million divers in the United States. The estimated number of devices sold is
estimated to be 10% of the total divers. The estimated manufacturing cost is based on Mouser’s
pricing for each major component. [41]
Table B.3: Manufacturing Costs and Profit
Estimated number of devices sold per year
Estimated manufacturing cost for each device
Estimated purchase price for each device
Estimated profit per year

300,000
$2 million
$150
$43 million

• Environmental
The project uses energy during its manufacturing processes, where a major source of energy is
coal. The use of coal increases emissions of greenhouse gases. The project also has the potential
to contribute to electronic waste. The underwater world could be populated with more divers,
which may have some effect on underwater species.
• Manufacturability
The major issue in manufacturability is the photodiode. Few photodiodes exist with the blueenhanced responsivity. Therefore, mass production would be difficult.
• Sustainability
The device runs on 9 V batteries, which may need to be replaced often. A longer lasting battery
may be preferred. Most of the electronic components use silicon, which is a common element in
the world. The device is easily upgradeable as it can work with a variety of microphones and
speakers. The supply could also be changed depending on one’s preference.
• Ethical
The project aids with a scuba diver’s safety. Divers must be trained in using voice
communications underwater before needing to use it. Also, the diver must be informed that the
project may not be reliable at all times. Therefore, hand communication is still necessary.
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• Health and Safety
There is no health issue with the device. The project increases safety by providing means to
communicate when in danger.
• Social and Political
An underwater communication device has a global impact. Divers seek different destinations for
their diving plans. Since an optical communications device provides lighting, underwater
communication and lighting companies are affected economically. The project can increase sales
for diving retailers and may attract more people to become scuba divers.
• Development
High-powered blue LEDs and blue-enhanced photodiodes need to be developed for the product
to be successful. Currently, most high-powered LEDs emit white light and the responsivity of
photodiodes peak in the infrared range.
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